71 comprehensive picture of the enzymatic cycle, we aimed to 72 obtain additional intermediate state geometries. Here, we 73 determined the crystal structures of wild-type and mutant 74 LmUGP in the presence of substrates, products, or their 75 analogs. 76 The new structures for the first time revealed the binding 77 sites for all UGP products, elucidated the key role of the UTP 78 nucleoside and γ-phosphate in UGP activation, and helped 79 explain the allosteric mechanisms that accompany binding and 80 stabilization of both substrates of the bibi reacting LmUGP. 81 Moreover, novel insights into the elements responsible for ; PDB code: 2OEF 19 ), the UTP state (green; LmUGP·dUpCpp complex), and the postreactive state (red; LmUGP·UDP-Glc·Mg 2+ ·SO 4 complex) illustrates the overall conformational changes upon binding the first and second substrates. The torsional deformation of the seven-stranded β-sheet in the area near the glucose binding site is shown in panel B. Panel C shows structural changes in the NB loop area and the F obs − F calc electron density omit map contoured at 3.0 σ around the ligands UDP-Glc, Mg 2+ and SO 4 2− in the wild-type LmUGP postreactive state structure. (D) Amino acid sequence of LmUGP. The secondary structure elements of the N-terminal domain are red; catalytic domain, blue; and C-terminal domain, green. 19 The residues conserved in UGPs from different organisms are highlighted in orange. 132 method. 43 The resulting models of pre-and postreactive states 258 corresponded to the true minima on the potential energy 259 surface with all real vibrational frequencies. These structures 260 were used for further analysis and comparison with 261 experimental data. The free energy barriers for forward and 262 backward reactions were calculated using harmonic normal 263 mode approximation.
264
■ RESULTS
265
LmUGP·dUpCpp Complex and the Mechanism of UTP 266 Binding. To study the effect of UTP-binding on the structure 267 and function of LmUGP, we crystallized LmUGP in the 268 presence of the nonreactive UTP analog dUpCpp (see 269 Experimental Section for details). The structure solved by 270 molecular replacement and refined to 3.0 Å resolution showed 271 good electron density for the UTP analog bound to the active 272 site (Supporting Information Figure S1C ). The overall 273 conformation of the enzyme is more similar to the open 19 274 than to the closed (postreactive; see below) state, with several 275 regions acquiring intermediate conformations ( Figure 2A ). 276 Compared with the open state, the large magnitude change is 277 located in the nucleotide-binding (NB) loop, which shifts 2.4 Å 278 toward the phosphate moiety, bounding the nucleotide pocket 279 ( Figure 2C ). The seven-stranded β-sheet (β1, β3, β4, β7, β8, 280 β11, β14; Figure 2D ) undergoes a torsional deformation, where 281 strands β1, β7, β8 (and adjacent region of the helix α10), β11, 282 and β14 shift toward their positions in the closed state ( Figure  283 2B ), while the conformation of β3 and β4 remains close to the 284 open state. The nucleoside is coordinated by residues L81, 285 G83, G84 (NB loop), M130 (β3), Q162 (end of β4), G190-286 H191 (loop β6−α8), and N219−D221 (end of β7). Most of 287 these residues remain structurally conserved in the open, UTP, 288 and closed states of the enzyme, which explains why UTP can 289 bind to the apo form and activate the conformational transition. 290 To understand the role of nucleoside binding in LmUGP 291 activation, we crystallized the inactive LmUGP mutant 292 H191L
19 in the presence of both UTP and Glc-1-P, but no 293 electron density was observed for the substrates. Instead, the 294 mutant structure revealed that the side chain of L191 occupied In the X-ray structure of the LmUGP·dUpCpp complex, the 301 phosphates of the UTP analog were coordinated by the 302 residues in the interface between the catalytic and C-terminal 303 domains. It is interesting that in this state, the strictly conserved 304 residue K380, known to interact with the product UDP-Glc and 305 to be essential for enzymatic activity, 19 is located 8 Å away from 306 the α-phosphate and does not make any interaction with the 307 phosphate moiety ( Figure 1B ). The γ-phosphate forms three 308 hydrogen bonds and several van der Waals interactions with the 309 NB loop residues G84−T87 and a salt bridge with the strictly 310 conserved K95. These interactions explain the large shift of the 311 NB loop upon UTP binding. As the NB loop, in turn, is bound 312 to the C-terminal domain via a hydrogen bond and extensive 313 hydrophobic contacts, the new structural data elucidate the role 314 of the γ-phosphate in the mechanism of UGP activation.
315
Glucose-1-phosphate Binding to LmUGP. As typical in 316 enzymes with sequentially ordered bibi kinetics, the binding site 317 for Glc-1-P does not exist in the apo form of UGP. The 318 residues N219 (β7), N306−N308 (β11), and F376 (link 319 β14−α13), identified as responsible for glucose binding in the Figure S2C,D) . The specific 366 activity of the mutant E284A was reduced to less than 0.05% of 367 the wild-type. By measuring K m values, the affinity of the E284A 368 mutant for UTP was found to be nearly unchanged (E284A,
372
To study the interaction between E284 and the SB loop, we 373 investigated structural effects of the L281D mutation located in 374 the link connecting these two areas, at the end of the strand 375 β10. L281 forms a part of the hydrophobic core stabilizing the 376 base of the handle and its contact with the N-terminal and 377 catalytic domains. The L281D mutation leads to a drop of 378 specific activity (measured in the forward reaction) to 16.3% of 379 the wild type.
19 Because the residue is spatially remote from 380 active site and SB loop, the mechanism of this inactivation was 381 previously unclear. The crystal structure of the L281D mutant 382 in complex with UDP-Glc solved in this study now shows that 383 the mutation leads to a disruption of the β-structure of the f4 384 handle ( Figure 4A ) and an increase in its flexibility, reflected in 385 the weakening of experimental electron density for this region. 386 In the mutant structure, the interactions between E284 and 387 glucose are not changed, but the distances between E284 and 388 the SB loop or α11 are increased, and a lack of closure is 389 observed in both the SB loop and the α11 area ( Figure 4B ). 390 Thus, the disruption of the β-structure caused by the L281D 391 mutation leads to the loss of stiffness in the handle and, 392 therefore, a reduction of its efficiency in transducing tensile 393 force to the SB loop and α11. This, in its turn, leads to a lack of 394 closure in these areas ( Figure 4B ) and a decrease in the specific 395 activity of the L281D mutant to 16.3% of the wild-type 396 enzyme. 19 The top of the handle features significant conforma-397 tional flexibility observed in the crystal structures of LmUGP, 398 and its length varies between species. This, in conjunction with 399 the observed effect of the L281D mutation, implies that the 400 residues involved in transduction of the tensile force are located 401 at the base of the handle.
402
Comparison of the UTP state and closed postreactive state 403 structures showed that closing the region R249−Y302 brings 404 the strictly conserved residues H191 and K380 in a favorable 405 position for binding Glc-1-P phosphate and leads to adjust-406 ments in the glucose binding site that further increase its 407 complementarity. After closing, the region R249−Y302 is 408 additionally stabilized by a hydrogen bond between the SB loop 409 E251 and the C-terminal domain R443 observed in the closed 410 center were at their minimum in this state, whereas the 420 torsional deformation of the β-sheet increased ( Figure 2B ).
421
Compared with the UTP-state structure, the NB loop is shifted and β-phosphates of UTP (Supporting Information Figure S4 ).
437
Of note, with the crystal structure of the postreactive state of Figure 4 . Superpositions of the wild-type (colored) and L281D mutant (black) LmUGP·UDP-Glc complexes. The mutation causes disturbances of the β-structure at the base of the handle (A), which results in the lack of closure in the SB loop region (B). 438 LmUGP, we present the first experimental structure in which 439 the binding sites of all UGP products could be identified.
440
Comparison of the crystal structures of LmUGP in the 441 postreactive and the UDP-Glc-bound states revealed that 442 dissociation of the pyrophosphate and magnesium leads to a f5 443 significant change in the NB loop conformation ( Figure 5 ). The 444 G84−G88 residues and the adjacent G90−D93 region moved 445 away from the active site, making it less compact. Because of 446 the loss of the hydrogen bond with the γ-phosphate, the 447 carbonyl group of the L85 peptide bond was flipped in the 448 UDP-Glc state. As a result, the NB loop acquired an 449 intermediate conformation between those of postreactive and 450 apo states. In the crystal structure of the UDP-Glc state, the 451 experimental electron density for this region was weaker and 452 more disordered than that in the postreactive state (20% 453 decrease in the signal-to-noise ratio for C α atoms). A similar 454 effect was observed for the SB loop residues, where 455 destabilization led to a partial opening of the structure in the 456 area of helix α11 (residues M293−N300) located at the end of 457 the region R249−Y302. This destabilization effect is propagated 458 from the NB to the SB loop via the shift of G88, which moves 459 the conserved K422 (C-terminal domain) closer toward K255 460 (SB loop) and, thus, increases the electrostatic repulsion 461 between the two regions.
462
The flexible top part of the handle, including residues Y265− 463 K277 that are located farther away from the protein globule and 464 not stabilized by intramolecular interactions, is differently 465 structured in the postreactive and the UDP-Glc states. The lack 466 of electron density for Mg 2+ in the UDP-Glc complex suggests 467 that the ion dissociates together with the pyrophosphate. The 468 phosphate moiety of UDP-Glc also undergoes a conformational 469 change upon dissociation of Mg 2+ and the PP i ( Figure 5) . In 470 the UDP-Glc state, the C5*−O5* bond connecting the α-471 phosphate to the glucose ring is flipped 80°in comparison with 472 the experimental geometry of the postreactive state. This 473 change induces a shift of the K380 side chain, resulting in an 474 increased distance between K380 and the oxygens of the α-475 phosphate and, thus, in the drop of affinity for UDP-Glc. All of 476 the above effects reveal the mechanism of unlocking the 540 axial coordination sites occupied by the bridging P α −O 3α −P β 541 oxygen of UTP and the attacking oxygen from Glc-1-P 542 phosphate ( Figure 1D ). Figure 1E ). According to the model, the pyrophosphate binds 574 into a pocket created by the NB loop residues G84−T87. 575 There, it is coordinated by hydrogen bonds with the main-chain 576 atoms of L85 and G86, the side chain of K95, and a number of 577 van der Waals interactions. In the crystal structure, the 578 positions of the γ-and β-phosphates are occupied by the 579 sulfate ion and a water molecule, respectively. In both 580 experimental and theoretical models, Mg 2+ is coordinated 581 between the α, β, and γ phosphates or their analogs in a similar 582 way. Inversion of the α-phosphate and separation of PP i induce 583 small shifts of the H191, K380, and K95 side chains and the 584 main chain of the NB loop. The frontier molecular orbitals in 585 this state are localized on O 3α PPi (HOMO) and P α UDP-Glc 586 (LUMO), which also represents the prereactive state of the 587 backward reaction ( Figure 1E ). The distance between O 3α
PPi 588 and P α UDP-Glc is 0.5 Å longer compared with the reacting atoms 589 of the UGP·UTP·Glc-1-P complex. The reaction pathway 590 calculations predict the free energy barriers for the forward and 591 backward reactions to be 20.8 and 22.2 kcal/mol, respectively 592 (Supporting Information Figure S3 ). The corresponding values 593 derived from the experimental specific activities V max at a 594 physiological temperature of 37°C (Supporting Information 595 Figure S2A ,B) are 20.4 and 20.6 kcal/mol (experimental details 596 are given in the Supporting Information). Thus, the reaction 597 energy parameters produced in the calculated model are in a 598 good agreement with the experimental kinetics data and 599 reproduce the observed trend for the lower activation barrier in 600 the forward reaction. 
